Abstract. Total and differential cross sections for the reaction γp → π 0 ηp have been measured with the Crystal Ball/TAPS detector using the tagged photon facility at the MAMI C accelerator in Mainz. In the energy range Eγ = 0.95 − 1.4 GeV the reaction is dominated by the excitation and sequential decay of the ∆(1700)D33 resonance. Angular distributions measured with high statistics allow us to determine the ratio of hadronic decay widths Γη∆/ΓπS 11 and the ratio of the helicity amplitudes A 3/2 /A 1/2 for this resonance.
Introduction
The photoproduction of multiple-meson states provides information about nucleon excitations which is complementary to that extracted from reactions with single-meson final states. The main features of the baryon spectrum may be successfully reproduced by constituent quark moda eMail address: kashev@kph.uni-mainz.de els. However, for many resonance states the detailed information about their properties, such as photocouplings, hadronic branching ratios is still limited, and production of multiple-meson states can provide important insights into baryon spectroscopy.
An analysis of these processes is also believed to shed light on the problem of "missing" resonances, which are predicted by quark models but have not been seen in πN elastic scattering. A simple explanation of the absence of these states is that they are weakly coupled to πN configuration and, therefore, should mostly contribute to multiple meson production.
The photoproduction of π 0 η pairs on the proton is quite a new topic in photo-meson physics. In the pioneering work [1, 2] on this reaction, it was used to search for sequential decays of higher-mass ∆ states. At lower energies some results for the total cross section have been obtained at the Laboratory of Nuclear Science (LNS), Japan [3] . More recently, cross sections as well as linear beam asymmetries have been measured at the GRAAL facility at ESRF [4] , and with the Crystal-Barrel /TAPS detector at ELSA [5, 6] .
An analysis of the experimental results of Horn et al. and Ajaka et al. [2, 4] together with the theoretical work of Döring et al. [7] has shown that in the low-energy region the process is mainly governed by the excitation of the ∆(1700)D 33 resonance, which decays into the πηN final state via an intermediate formation of η∆(1232) or πS 11 (1535) quasi-two-body systems. At higher energies, according to the results of Horn et al. [2] , other resonances and the pa 0 (980) configuration start to come into play.
The major part of the D 33 decay into πηN seems to proceed through the η∆ channel. This observation is in agreement with predictions of the dynamical model of the Valencia group [7] . The πS 11 channel may be interpreted entirely in terms of a final-state interaction in which the nucleon appearing after ∆ decay interacts with the η meson via excitation of the S 11 (1535) resonance. In this model, the production of πS 11 is a higher order process in comparison to η∆, which is produced directly via the D 33 → η∆ decay.
The decay of D 33 (1700) and some other ∆ type baryons into η∆ was calculated in ref. [8] in a constituent quark model as well as on the basis of the chiral coupled-channel approach in [9, 10] . These calculations also predict quite a strong coupling of several weakly established resonances to the πηN channel.
In spite of visible progress, a detailed empirical study of π 0 η production dynamics is still needed. In particular, a partial-wave analysis, or its analog for the production of two mesons, would be very desirable. Some steps in this direction were made in refs. [2, 11] . In ref. [2] the reaction γp → π 0 ηp was included in a multi-channel fit. The authors of ref. [11] have discussed the angular distributions of the produced particles on the basis of the assumption, that at any given energy the amplitude is dominated by a single resonating partial wave.
In this paper, we present new measurements for γp → π 0 ηp for photon energies from threshold to E γ = 1.4 GeV, which were obtained with the Crystal Ball/TAPS detector system at the MAMI C accelerator facility in Mainz. These data will be used for the phenomenological analysis of π 0 η photoproduction. The paper is organized as follows. In Sect. 2, we briefly describe the experimental setup and outline the method of the data analysis. The results are then interpreted within the formalism developed in ref. [11] . The aim of this analysis is to investigate the simplest possible interpretation in terms of a single resonating D 33 partial-wave amplitude. A more refined analysis, including other amplitudes and background contributions, will be published elsewhere. In our simple approach values for the ratio of η∆ to πS 11 decay widths of the ∆(1700)D 33 and the ratio of the helicity amplitudes are determined. Finally, in Sect. 4, we close with a summary and conclusions.
Experimental setup and data analysis
The experiment was performed at the MAMI C accelerator in Mainz [12] using the Glasgow-Mainz tagged photon facility [13] . The quasi-monochromatic photon beam covered the energy range from 617 to 1402 MeV with an intensity of 2 × 10 5 γs −1 MeV −1 at 620 MeV. The average energy resolution was 4 MeV.
The experimental setup is shown schematically in fig. 1 . The bremsstrahlung photons, produced by the electrons in a 10 µm copper radiator and collimated by a 4-mmdiameter lead collimator, impinged on a liquid hydrogen target with a diameter of 3 cm and a length of 4.76 cm. The diameter of the photon beam spot on the target was about 1 cm. The target was located in the center of the Crystal Ball detector [14] . This detector consists of 672 optically isolated NaI(Tl) crystals with a thickness of 15.7 radiation lengths covering 93% of the full solid angle with an energy resolution for electromagnetic showers of ∆E/E = 1.7% at 1 GeV. Shower directions are measured with a resolution of σ θ ≈ 2 − 3
• in the polar and σ φ ≈ 2 • / sin θ in the azimuthal angle. For charged-particle identification a barrel of 24 scintillation counters (Particle Identification Detector [15] ) surrounding the target was used. The forward angular range θ = 1 − 20
• is covered by the TAPS calorimeter [16] . TAPS consists of 384 hexagonally shaped BaF2 detectors, each of which is 25 cm long, which corresponds to 12 radiation lengths. It was installed 147 cm downstream of the Crystal Ball center. A 5-mm thick plastic scintillator in front of each module allows the identification of charged particles. The electromagnetic shower energy resolution of TAPS was σ/E γ = 0.0079/(E γ /GeV ) 0.5 + 0.018. The angular resolution was 0.7
• (FWHM) for 300 MeV photons. The solid angle of the combined Crystal Ball and TAPS detection system is nearly 97% of 4π sr.
The data were collected during two running periods in 2007 (197 and 160 hours, respectively). In addition, about 70 hours with a double intensity beam were used for a measurement with an empty target. The trigger threshold for the total energy deposited in the Crystal Ball detector was 350 MeV.
In the first step of the identification of the γp → π 0 ηp reaction, events with 4 neutral and 1 or 0 charged particles in the Crystal Ball and TAPS detectors were selected. The π 0 and η mesons were then identified via their decay into 2 photons. The distribution of the invariant masses calculated from possible γγ combinations is shown in fig. 2 . As there are 3 independent combinations for such pairs, this histogram has 3 entries per event. The distribution shows a large peak corresponding to the π 0 π 0 channel and two smaller ones due to the π 0 η final state. In the next step the χ 2 for each of the two-meson final states, π 0 π 0 and π 0 η, was calculated for the possible combinations:
Here m π 0 and m η are π 0 and η masses and σ π 0 = 10 MeV and σ η = 25 MeV are the corresponding invariant mass resolutions of the detector system, see fig. 3 . Each event was now assigned to either π 0 π 0 or π 0 η production depending on the minimum of the χ 2 values. After this selection and a rejection of π 0 π 0 events the γp → π 0 ηp reaction can be clearly identified on top of a small background ( fig. 3 ). This histogram has two entries for each event corresponding to the two photon pairs. After applying a χ 2 πη < 9 cut to the two-dimensional γγ invariant mass distribution, the residual background was then eliminated by calculating the missing mass. In case of a γp → π 0 ηp reaction the missing mass distribution calculated from the initial state and the mesons in the final state shows a peak at the proton mass. Examples of these distributions for the lowest, E γ < 1 GeV, and the highest, E γ > 1.3 GeV, beam energies are shown in fig. 4 . At lower energies there is substantial background (30 − 60%), mainly from the γp → π 0 π 0 p reaction that has a three orders of magnitude higher cross section. This contribution drops rapidly with increasing energy and is reduced to only ∼ 12% for E γ > 1.2 GeV. We do not use the data at E γ < 1 GeV for the calculation of the angular distributions because of the high background.
The background is subtracted by fitting the missingmass distributions with the sum of a gaussian and a thirdorder polynomial function ( fig. 4 (a) and (b) ). After subtracting the polynomial background, the distribution was found to be in excellent agreement with results of a Monte Carlo simulation using the GEANT3 code ( fig. 4(c) ). Finally, to select γp → π 0 ηp reactions, 3σ cuts in the missingmass distributions were applied, and random coincidences with the tagger, as well as contributions from the target 
-CB-ELSA [2] -LNS [3] -GRAAL [4] -this work windows, were subtracted. In total, ≈ 4 × 10 5 γp → π 0 ηp events were selected. To obtain an absolute normalization of the cross section, the spectrometer acceptance and the event reconstruction efficiency were determined using a GEANT3 Monte Carlo simulation. The average value for the π 0 η detection efficiency is 20%. This efficiency includes branching ratios for π 0 and η decays to two photons. The photon flux was determined by counting the scattered electrons with the focal-plane detectors of the tagging spectrometer [13] . The probability ("tagging efficiency") for a photon to pass through the photon collimator and reach the target per detected electron was determined with a total-absorption counter that was moved into the beam line at a reduced photon flux. The tagging efficiency was found to be about 70% for our experimental conditions. The systematic uncertainty is estimated to be 5% and includes uncertainties in the photon flux, target density and detection efficiency.
Results and discussion
We start the discussion of the results with the total cross section, plotted in fig. 5 , where our data (black points) are compared with those obtained at GRAAL [4] , CB-ELSA [2] (with statistical errors only) and LNS [3] . Up to E γ = 1.3 GeV the cross section exhibits a smooth rise, reproducing the energy dependence of a three-body phase space (solid line in fig. 5 ). This suggests that in the lowenergy region the reaction mainly proceeds via formation of s-waves in the final system. Otherwise, the centrifugal barrier appearing in higher partial waves, would suppress the reaction at small relative momenta. This effect must be especially appreciable near threshold, where the kinetic energies in the final state are low. As a result, the total cross section would exhibit more drooping, than that of the phase space. On this basis, it is reasonable to assume that we are dealing with a resonance, decaying into η∆ in a relative s-wave state. Using spin and parity selection rules one can show that among different partial amplitudes only D 33 can produce such a configuration (see, e.g., Table I in ref. [11] ).
The dominance of the D 33 partial-wave amplitude in the energy range E γ < 1.4 GeV is confirmed by the angular distributions of the pions in the πp rest frame plotted in fig. 6 . In order to describe the final-state kinematics, we use the canonical (K) and helicity (H) reference frames. Both are fixed to the πp center-of-momentum frame and differ in orientation (see fig. 7 ). The quantities related to the K and H frames are further denoted by the indices K and H, respectively. The distributions shown in fig. 6 are normalized by the total cross section σ t :
where θ π and φ π are the pion angles in the corresponding (helicity or canonical) πp center-of-momentum frame.
In fig. 8 we compare the angular distributions W H (θ π ) and W (θ η ) averaged over 1.1 < E γ < 1.4 GeV (1.72 < W < 1.87 GeV) to recent results from CB-ELSA [2] . Here θ π is the π 0 angle in the helicity system and θ η the angle of the η meson with respect to the incoming photon in the
(a) (b) Fig. 7 . The coordinate systems (x ′ y ′ z ′ ) used for the analysis of angular distributions of pions in the πp rest frame. In the canonical system (a) the z ′ axis is taken parallel to the beam direction, whereas in the helicity system (b) it is aligned along the total πp momentum. For both, the x ′ axis is in the reaction plane and the y ′ axis is chosen asŷ ′ = (pη × kγ )/|pη × kγ |. [2] for 1.7 < W < 1.9 GeV (open circles). In both cases the data include statistical errors only. θπ is the angle of the π 0 in the helitiy system and θη is the angle of the η meson with respect to the incoming photon in the overall center-ofmass system. overall center-of-mass system. For comparison, the CB-ELSA data in the energy range W = 1.7 − 1.9 GeV (panel (b) in fig. 9 of ref. [2] ) were normalized to the integrated cross section. The angular distributions in both data sets are in good agreement.
To gain some insight we calculated the reaction cross section using a simple model which is similar to the one used in ref. [17] for double pion photoproduction, except that we totally neglect the background terms. The latter were calculated in refs. [7] and [11] and shown to provide only a small fraction of the total cross section in our energy range. We assume that at a given energy the reaction is dominated by a single resonating partial wave, R. The total reaction amplitude is then given by a coherent sum of intermediate R → η∆ and R → πS 11 transitions represented schematically in fig. 9 t
Here the subscripts m f = ±1/2 and λ = ±1/2, ±3/2 denote the final nucleon spin projection and the total helicity. The functions A λ (W ), depending on the total c.m. energy W , are the helicity amplitudes determining the elec- For more details see [11] .
Within the single resonance ansatz (5) the angular distributions (3) and (4) are determined (apart from the resonance quantum numbers J P ) by the ratio of the partial decay widths,
and the squared ratio of the helicity amplitudes,
The two quantities (6) and (7) were used as adjustable parameters. We note that r is taken at the resonance position W = M R , so that the energy dependence of the ratio of πS 11 and η∆ decay widths is fixed by the orbital momenta associated with these decays. As for the ratio of the helicity amplitudes (7), instead of adopting any parametrization for its energy dependence, we prefer to vary its values separately in different energy bins. The curves in fig. 6 are predictions of our simple model containing only a D 33 amplitude (that is, R = D 33 in fig. 9 ). The results demonstrate that it is possible to get a reasonable agreement with the data by taking into account only the D 33 (1700) resonance. A comparable description is not possible if states with other quantum numbers are used. As an example, in fig. 10 the results of analogous calculations with P 33 and D 35 amplitudes are plotted. In these cases, the model can at most account for only some of the distributions, but is unable to reproduce all of them simultaneously.
Other states which were considered in ref. [11] , namely S 31 , P 31 and F 35 , also fail to describe the measured observables. Indeed, as shown in ref. [11] , the first two states having J = 1/2 (and thus A 3/2 = 0) lead to an isotropic φ π distribution in the helicity frame, i.e. in this case W S31 H (φ π ) = W P31 H (φ π ) = 1/2, in contrast to our experimental results. As for F 35 , it has been shown in ref. [11] that this resonance should always exhibit a maximum in the distribution W H (φ π ) at φ π = π which is not the case in the results in fig. 6 .
As shown in fig. 11 , the distributions W K (θ π ) and W H (φ π ) are sensitive to the ratio r (eq. 6). Even small variations of this parameter cause significant changes in the shape Fig. 10 . Angular distributions averaged over the energy bin Eγ = 1.3 − 1.4 GeV. The curves are calculated with P33 (solid curve) and D35 (dashed curve) isobars. In both cases, the parameters were chosen to give the best description of WK(θπ) and WH(φπ). Fig. 11 . Same as in fig. 10 but with a D33 isobar. The solid curves are obtained with parameters r = 2/3 (see eq. 8) and a = 2.0 (see eq. 13). They are the same as in the lower panel of fig. 6 . The dashed and dotted curves are calculated using the parameter sets (r = 1/6, a = 2.0) and (r = 2/3, a = 0.7), respectively. The dotted curve in the third panel and the dashed curve in the fourth panel almost coincide with the solid curves.
of W H (θ π ). At the same time, the other two distributions W H (φ π ) and W K (θ π ) depend strongly on a (eq. 7), whereas the value of r has only little effect. Clearly, this fact makes the phenomenological analysis of the data easier and allows for an (almost) independent determination of the values a and r. The curves in fig. 6 are obtained with
We checked that this result is almost independent of the mass M R used in the definition (6) . This value of r is likely to change slightly in a more refined analysis where other resonances with different spin-parities are included. If the small influence of the πS 11 decay channel of the D 33 (1700) is neglected, the dependence of W H on the azimuthal pion angle φ π has the form [11]
which shows a minimum (maximum) at φ π = π for a > 1 (< 1). In the region E γ = 1.2 − 1.4 GeV our data exhibit a clear minimum at this point, so a < 1 can be excluded. At lower energies the quality of our simple fit becomes worse. In particular, we find it difficult to describe simultaneously the data for W K (θ π ) and W H (φ π ). This may point to the presence of other resonances which are not included into our model.
The results presented in fig. 6 are obtained using
and a = 2.0 for E γ = 1.3 − 1.4 GeV .
A direct comparison of the values (10)- (13) with those given e.g. by the PDG [18] may fail. Our fit of a(W ) is energy dependent, whereas the PDG values of A λ are determined at the respective resonance energy W = M R . As mentioned above, our simple model calculation is not able to decribe the data in the energy range from 1670 to 1750 MeV (E γ = 1015 − 1160 MeV) given by the PDG for the mass of the D 33 (1700) resonance. The deviations between the theory and the data in this region may indicate onset of other resonances not included into the present calculation. Therefore, the results (10 -13) may change in a more refined analysis, containing higher partial waves. The curve shown in the first row of fig. 6 was obtained with a value a = 0.7 consistent with the average a = 0.67 ± 0.39 given in the PDG compilation [18] .
The distributions of πp and ηp invariant masses are presented in fig. 12 . The spectra agree rather well with the results of refs. [2, 4] . A remarkable feature of the M πp distribution is the maximum close to W = M ∆ , indicating the importance of the η∆ mode in γp → π 0 ηp. At the same time, the observed peak is not as pronounced as that predicted by our single resonance ansatz (5) with R = D 33 (solid curves in this figure) . This observation may point to possible background contributions that are not included in the model. For instance, the additional background mechanism might be related to a channel with isospin T = 1/2, which does not contain the η∆ decay mode and hence should resemble the phase space in the M πp distribution.
In total, taking into account the simplicity of our model (single resonance with no background terms) the quality of description of the data in Figs. 6 and 12 is quite satisfactory. In particular, the calculation including only the D 33 partial wave amplitude accounts for the peak position in the πp spectrum (upper left panel in fig. 12 ). As noted above, this resonance is the only candidate decaying into η∆ state in a relative s-wave. Other resonances providing higher waves (L ≥ 1) in this configuration, tend to shift the ∆ peak to the lower values of M πp . As discussed in ref. [11] , the shift is caused by the centrifugal barrier, associated with nonzero angular momentum L of the η∆ decay. As is shown in the first panel of fig. 12 , the effect comprises several tens of MeV, depending on the resonance quantum numbers. These observations may be considered as additional indication of the D 33 dominance.
Conclusion and outlook
We have presented the experimental results for the total and differential cross sections for the reaction γp → π 0 ηp. The data were obtained with the Crystal-Ball/TAPS calorimeter using the tagged photon facility at MAMI C. The data for the total cross section agree within given uncertainties with previous data from ref. [2, 3, 4] . Unlike double pion photoproduction, the total cross section at energies E γ ≤ 1.4 GeV does not show any pronounced structure and its energy dependence is governed by the smoothly increasing phase space.
The measured angular distributions are in qualitative agreement with the simplest calculation in which only the D 33 partial-wave amplitude is included. This analysis confirms that in the energy region E γ < 1.4 GeV the reaction is dominated by the D 33 partial wave which can naturally be associated with the resonance D 33 (1700). As background contributions are small [7, 11] , π 0 η photoproduction allows an almost background free study of the D 33 (1700) baryon.
Deviations of this simple model from the data seen in fig. 6 and fig. 12 may indicate the presence of other resonances whose role should be taken into account in any refined analysis. In ref.
[2] a significant fraction of the cross section in our energy region is provided by the P 33 (1600) and P 11 (1880) resonances.
We demonstrated that our data are sensitive to the parameters a (eq. 6) and r (eq. 7) characterizing electromagnetic and hadronic decay properties of the dominating resonance. In particular, the study of W H (θ π ) and W K (φ π ) has shown that r = 2/3 for D 33 (1700) is favoured. Furthermore, for the squared ratio of A 3/2 to A 1/2 of D 33 (1700) we obtain a = 0.7−1.2 for E γ = 1.0−1.2 GeV and a > 1.7 at higher photon energies. We would also like to emphasize that our quantitative results are obtained in quite a simple model and may change in a more sophisticated approach.
Clearly, the photoproduction on the proton alone does not permit a total determination of the amplitude, primarily its isospin structure. For the latter purpose, one has to invoke the reactions on composite nuclear systems, especially on the deuteron and 3 He, which are usually used as neutron targets. It should be noted, that not only quasi-free, but also coherent reactions like d(γ, π 0 η)d and 3 He(γ, π 0 η) 3 He, can provide important information. For example, if our assumption that π 0 η photoproduction is mainly governed by the T = 3/2 channel via η∆ is correct, then the amplitudes for proton and neutron should be nearly equal, and the effect of coherence in reactions of the type A(γ, π 0 η)A should be maximal. In particular, the cross section on the deuteron will be proportional to four times that on the proton. Significant deviations from this rule would indicate presence of a T = 1/2 component in the elementary amplitude. The situation is similar to that observed in single pion photoproduction in the ∆ region, where dominance of the T = 3/2 configuration results in a significant contribution of the coherent channel d(γ, π 0 )d to the total d(γ, π 0 ) rate. Thus, future measurements using light nuclear targets will help to fully understand the π 0 η photoproduction amplitude.
